The standard reference material (SRM) for fineness of cement, SRM 114, is an integral part of the calibration material routinely used in the cement industry to qualify cements. Being a powder, the main physical properties of cement, prior to hydration, are its surface area and particle size distribution (PSD). Since 1934, NIST has provided SRM 114 for cement fineness and it will continue to do so as long as the industry requires it. Different lots of SRM 114 are designated by a unique letter suffix to the SRM number, e.g., 114a, 114b, …. ,114q. A certificate that gives the values obtained using ASTM C204 (Blaine), C115 (Wagner) and C430 (45 µm sieve residue) is included with each lot of the material. The supply of SRM 114p, which was released in 1994, was depleted in 2004.
The Euclid Chemical Co., Cleveland [12] showing the ratio (upper trace) of the variation between and within (lower pair of traces) four parallel Markov chains that were simulated for this model. The fact that the ratio approaches 1 and the variation within and between chains levels off by 50 000th iteration indicates convergence. 13 Figure 4 : The posterior probability distribution of the sieve residue for a 45 µm sieve. 14
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Introduction
A standard reference material (SRM) is a material that has been well characterized with regard to its chemical composition, physical properties, or both. National Institute of Standards and Technology (NIST) provides over 1300 different SRMs to industry and academia. These materials are used in quality assurance programs, for calibration, and to verify the accuracy of experimental procedures. Every NIST SRM is provided with a certificate of analysis that gives the official characterization of the material's properties. In addition, supplementary documentation, such as this report, that describes the development, analysis and use of SRMs is also often published by NIST to provide the context necessary for effective use of these materials.
There are several SRMs related to cement (http://ts.nist.gov/ts/htdocs/230/232/232.htm). SRM 114 is related to the fineness of cement, as measured by various indirect methods giving its surface area and by passing the material through a fine sieve. This SRM is an integral part of the calibration material routinely used in the cement industry to qualify a cement. Being a powder, the main physical properties of cement are its surface area and particle size distribution (PSD). Since 1934, NIST has provided SRM 114 for cement fineness and it will continue to do so as long as the industry requires it. Different lots of SRM 114 are designated by a unique letter suffix to the SRM number. A certificate that gives the values obtained using ASTM C 204 (Blaine) [1] , C 115 (Wagner) [2] and C 430 (45-µm residue) [3] is included with each lot of the material.
In 1934, only the Wagner test and the 45 µm residue were listed. In 1944, the Blaine measurement was added to the certificate of the SRM 114. In 2003, the PSD measured by laser diffraction was added as an information value, i.e., not certified. The PSD was obtained under the sponsorship of ASTM Task Group C01.25.01 [4, 5, 6] .
The supply of SRM 114p, which was released in 1994, was depleted in 2004. Therefore, a new batch of SRM 114 needed to be developed. The development process included the selection of a cement, packaging of the cement in small vials, and determination of the values for the ASTM tests reported. In this case, the Blaine, Wagner and 45 µm sieve residue were the tests used. Later the particle size distribution (PSD) will be added.
The values given in this report were obtained through a round-robin inter-laboratory study by volunteer participants from companies participating in the CCRL certification program. The particle size distribution by laser diffraction was also collected in the same round-robin study but will be discussed in a separate report.
The purpose of this report is to provide the description of the development of SRM 114q. It includes a detailed description of the process used to package and certify the cement. Also a brief description of the ASTM tests in the certificate is given. All measurements used for the certifications are provided along with the statistical analysis. 1 
Description of methods used
Blaine ASTM C 204
The Blaine measurement described in ASTM C 204 was adopted by ASTM in 1946. R.L. Blaine published the test in 1943 [7] . The principle of operation is that the permeability of a bed of fine particles is proportional to the fineness of the particles. Therefore, the test is a measurement of the flow rate of air through a bed of cement particles. From the beginning, it was stated that this is a relative test as it depends on the shape of the particles, and the compaction level or porosity of the bed. For this reason, ASTM C 204 section 4.1 states that the calibration of the instrument needs to be done by using a reference material, such as SRM 114 [8] .
In brief, the test is carried out by packing the cement to be measured in a cell of known volume and placing it on top of a U-tube manometer that contains a non-hygroscopic liquid of low viscosity and density, e.g., dibutyl phthalate or a light grade of mineral oil. The cell is placed on the U-tube in such a way that a tight seal is created and a vacuum is created under the cement cell so that the liquid in the manometer is higher toward the cell. Then, the air is allowed to flow back only through the cement sample. The time for the liquid in the manometer to descend a set distance is measured. This time is used to calculate the fineness quantified by the surface area S of the cement defined using the following formula:
where S s is the surface area of the reference material, i.e., SRM 114 T s is the time of flow using the reference material, i.e., SRM 114 T is the time of flow of the material under test S is the surface area of the material under test Therefore, the surface area of the material tested can be calculated from the reference material.
The results requested from the participants in the round-robin study to determine the value of SRM 114q were calculated using SRM 114p as the reference material. All participants were requested to measure the SRM 114p material immediately before measuring the SRM 114q material and to report both results.
Wagner ASTM C 115
The Wagner test method described in ASTM C115 was adopted by ASTM in 1934 after a paper published by L.A. Wagner in 1933 [9] . This test is also referred as the turbidimeter fineness test because it measures the turbidity of a cement suspension in kerosene.
A source of light shines through the cement suspension and is detected by a photoelectric cell. The intensity of the current generated by the cell is recorded. The calibration is done by calculation of a calibration factor, K, which depends on the cell used. To determine this factor a reference material, such as SRM 114, must be used.
Using a reference with known surface area, this test can be used to obtain the surface area of materials similar to the reference, (i.e. Portland cements), by comparing the two relative levels of turbidity. This method could also determine the particle size distribution, but is limited to particles larger than 7.5 µm. Due to this bound on particle size and various other sources of error, it is rarely used for PSD determinations.
The results requested from the participants in the round-robin study for SRM 114q used SRM 114p as the calibrant.
Sieve Residue ASTM C 430
The principle of this test is to measure the residue or retained amount of cement on a calibrated sieve. The sieve was selected as having a 45 µm opening (No. 325 2 ). Since a direct certification of sieve openings is impractical and expensive for production-scale work, sieves are calibrated by using a reference material, such as SRM 114. A sieve correction factor is calculated by measuring SRM 114 on the selected sieve and correcting the result with the certified value of the SRM 114.
To avoid the need to propagate the SRM 114p uncertainty in the certification of the sieve residue for the SRM 114q material, however, three sieves with nominal openings of 38 µm, 47 µm, and 56 µm were directly calibrated for use in reference material certification.
Interpolation was then used to obtain the value at 45 µm.
Although direct sieve calibration was also used for previous generations of this material, The procedure used for the 114q material was different in several respects from the certification of the two preceding lots of SRM 114:
• For SRM 114n sieves with openings of 42 µm to 43.9 µm were used. The average results were plotted against the average sieve opening. The certified value was calculated by extrapolation to 45 µm.
• For SRM 114p sieves with openings of 42 µm to 46 µm were used and all data points (rather than the averages) were plotted against the minimum sieve opening. The certified value was calculated by interpolation to 45 µm.
2 Sieve number follow the USA definition given in ASTM E11 3
Materials
Characteristics of the cement
Based on the properties of past lots of SRM 114, CCRL and NIST identified a plant with a suitable cement for SRM 114q from Lehigh Cement Company 3 , Union Bridge, Maryland, who donated 1300 kg of the cement for this SRM. The material selected was Type I according to the ASTM C 150 Standard Classification, and had a mass fraction of less than 8 % tricalcium aluminate (C 3 A) as defined by ASTM C 150. This requirement was the same as for SRM 114p. Material was collected for shipment to NIST directly from the finish mill process stream into bags.
The approximate chemical composition has been determined by ASTM Standard Test Method C 114-02 to provide additional information on this cement. The analyses of this cement (CCRL Portland Cement Proficiency Sample No. 150) were performed by 70 to 170 laboratories. The composition, which is not certified but is provided for information only, is shown on Table 1 .
Calculation of cement compounds from this chemistry, according to ASTM C 150-02, are shown in Table 2 , again for information only.
The density of the cement was also measured using a modified ASTM C 188 method. The modification was to use isopropanol (IPA) as the medium instead of kerosene, otherwise a calibrated Le Chatelier flask was used as described in the ASTM test. Two measurements were done: 3.255 g/cm 3 and 3.248 g/cm 3 . This leads to an average of 3.25 g/cm 3 ± 0.005 g/cm 3 . 
Packaging
Upon its arrival at NIST, the cement was blended in a V-blender (1.7 m 3 or 60 ft 3 ) and then transferred to 0.2 m 3 (55 gal) drums lined with 0.15 mm (6 mil) polyethylene liners to minimize hydration of the cement in storage prior to preparation and packaging. Over the next two days, the cement from each drum was sealed in foil bags, each containing about 16 kg of cement. The foil bags were stored, and subsequently packaged as described below into vials, in a climate-controlled area.
Each foil bag was packaged into vials and capped and boxed. Each box contained approximately 500 sealed vials and the boxes were sequentially labeled from 1 to 118. Usually about five boxes were filled per day. The more than 60 000 glass vials produced, each containing approximately 5 g of cement, were subsequently sealed into smaller individual foil bags. The vials were randomly selected (see section 4) and shipped to the participating laboratories for measurements. After the analysis of the results was completed the vials were packaged in boxes containing 20 vials each.
Homogeneity determination
After the material was packaged, it was necessary to determine whether the material in different vials was the same. A special concern was any absorption of moisture during packaging from original delivery to placement in the vials. Therefore, the first test that was performed was loss of ignition (LOI). Cement taken from random vials was submitted to the following procedure:
• The content of each sampled vial was divided among 3 crucibles (about 2 g of cement per crucible) and the mass was recorded • The crucible was placed in an oven at 105 °C for 12 h, and then allowed to cool down in a dessicator containing a desiccant.
• The mass was recorded, and the crucible was placed in a furnace at 950 °C for 3 h.
• The sample was allowed to cool down in a dessicator and the mass was recorded.
• The LOI was calculated as the water loss during the residence in the furnace per mass of the sample (after the oven drying).
The LOI value is an indication of the amount of water loss during the drying procedure. A high value would be an indication of improper handling of the cement.
The LOI values are shown in Table 3 . The Box # identifies a randomly sampled vial from that box. The LOI averages are very small (less than 0.15 %). Therefore, we conclude that there was no significant intake of moisture during packaging.
Nevertheless, further checks were performed during the analysis of the round-robin data by determining whether a box-to-box or vial-to-vial variation was detected (see Section 4). The data for the Blaine test, ASTM C 204, were collected using a nested experiment design with three factors, laboratory, box, and vial. In this design, two randomly selected laboratories who use the Blaine test were each supplied two randomly drawn vials of cement from a randomly assigned box of vials. The laboratory was then asked to measure duplicate samples from each vial. Use of this design allows assessment of lab-to-lab variability, box-to-box heterogeneity of the cement, and vial-to-vial heterogeneity of the cement.
For the analysis of the Blaine data, the first step was to screen the data for non-statistical problems. Based on this screening, results from three labs, 209, 247, and 932, were eliminated from the data set. In each case, the data from these laboratories were omitted from the analysis because Blaine measurements were made on one vial from the box designated for the Blaine measurements and one vial from the box designated for the Wagner measurements. Due to the nature of the experiment design, including these results would have made it more difficult to distinguish between the different potential sources of variation.
Next, a nested, random-effects, analysis of variance (ANOVA) model [10] was fit to the remaining data to check for box-to-box, lab-to-lab, and vial-to-vial variability. Residual plots to verify that the model fit the data showed that two labs each had two extreme outlying measurements. Since there were a large number of labs (66) for this analysis and only two had unusual data, the data from these two labs (123 and 886) was also omitted from the analysis. After refitting the model, residual plots indicate that the model fits the data well. The output from the analysis of variance is shown in Table 4 . The low p values (<0.05) corresponding to the F tests for the significance of lab-to-lab and vial-to-vial variability provide strong evidence that there is significant lab-to-lab variation and vialto-vial heterogeneity. The high p value for the F test for box-to-box variability (0.365) indicates that there is not strong evidence of significant box-to-box heterogeneity in this data. Because there is significant vial-to-vial heterogeneity, a prediction interval should be used for certification. Based on the ANOVA results above, a summary of the material's properties as measured with the Blaine procedure is given in Table 5 . 
Wagner ASTM C 115
The experiment design and analysis used for the Wagner [2] data are analogous to the design and analysis used for the Blaine data. As the first step in the analysis, the Wagner data were also screened for non-statistical problems. Based on this screening, data from one lab, 247, were eliminated from the data set because Wagner measurements were made on one vial from the box designated for the Wagner measurements and one vial from the box designated for the Blaine measurements.
Next we fit a nested, random effects, analysis of variance model to the remaining data to check for box-to-box, lab-to-lab, and vial-to-vial variability. Residual plots indicate that the model fits the data well, although there is only one degree of freedom for estimating the lab-to-lab variability. The analysis of variance results are shown in Table 6 . The high p values for the tests for significant box-to-box and vial-to-vial variability do not provide strong evidence that the material is heterogeneous as measured by the Wagner method. Even with one degree of freedom, however, significant lab-to-lab variation is evident as indicated by the low p value for the F test for the significance of lab-to-lab variability. Since there is no evidence of vial-to-vial or box-to-box variability, it was decided to base the certified value and uncertainty for the Wagner method on the mean and standard deviation of the laboratory means. Based on this decision, a summary of the certification results is given in Table 7 . The final uncertainty is large because so few labs are using the Wagner method and could provide results using this method in the inter-laboratory study. 
Sieve Residue ASTM C 430
A nested design with three factors, day, box and vial was used to collect the sieve residue data. The same design values were used to make measurements on each of the three sieves with one measurement per sieve made from each vial tested. This design allows for the estimation of day-to-day, box-to-box, and vial-to-vial variation. In addition, since the three sieves are each of different sizes spanning the sieve value of interest, 45 µm, the data from this experiment can also be used to fit a model relating sieve residue to the sieve opening size.
For the analysis of the sieve residue data, the data were first plotted to graphically identify potential factor effects and to look for any unusual observations. The plot in Figure 1 identifies two outliers, from measurements on a vial that had been noted to contain a different color of cement than the others. Since these points were obtained from a suspect sample and were very different from all of the other data, they were eliminated from the analysis. Measurements of other samples from this vial, which did not appear to 9 have unusual values, were still used, however. After removal of the outliers, some evidence of day-to-day variation between the samples is also evident in Figure 2 . Next, a nested, random effects analysis of variance model was fit to the data from each sieve to check for day-to-day, box-to-box, and vial-to-vial variability. To maintain the balance of the design for the two sieves for which 1 of the 40 measurements was omitted, the means of the remaining data from the same box as the omitted vial were substituted for the missing data points. Residual plots from each fit verify that the models fit the data from each sieve reasonably well. The ANOVA results, showing the output from the fit of the model to the data from each sieve, are given in Table 8 to Table 10 . The relatively high p values in Table 8 (p > 0.05) indicate that there is not strong evidence for day-today, box-to-box, or vial-to-vial in these data collected using the 38 µm sieve. The low p value for the F test for significant day-to-day variation (0.025) does indicate that there is significant day-to-day variation in the data collected using the 47 µm sieve. There is no evidence of significant variability from the other two factors, however. Finally, the high p values for day-to-day and box-to-box variability for the 56 µm sieve indicate that those factors are not significant, but the low p value for the F test for vial-to-vial variability indicates that there is significant vial-to-vial variation in the measurements made with the 56 µm sieve For the certification analysis, a Bayesian model relating the sieve residue of the 114q material from each sieve to the measured sieve size was developed. A Bayesian model was used in order to be able to account for the uncertainty in both the sieve calibrations and the measurements of the reference material made using those sieves. Because of the apparent day-to-day and vial-to-vial variation, and to allow for the fact that those effects were not consistently visible for all sieves, the Bayesian model accounts for all four possible sources of random variation that were included in the design, day-to-day, box-tobox, vial-to-vial, and measurement uncertainty. Although it might not be necessary to treat all of the sieves in the same way, since only one exhibited significant apparent dayto-day variability and one exhibited significant apparent vial-to-vial variability, it was decided to treat them consistently in case those effects (or box-to-box effects) were simply not detected for the other two sieves.
In order to specify inter-relationships among the data, the model specifies the hypothesized relationships between the unknown true values underlying the data (called parameters in statistical jargon), which are to be estimated. In this case, the model specifies a quadratic relationship between the true sieve residues and true sieve sizes. The data gives us the quantitative information needed to estimate the parameter values. Then the model is used to interpolate the result that would be obtained from a sieve with openings of exactly 45 µm.
In order to use the Bayesian model, initial assessments of the values of each parameter in the model must be provided. The initial assessment for each parameter is specified as a probability distribution for the parameter's unknown value. Because these probability distributions are specified independently of the data (i.e. before the data are observed or used), these distributions are commonly called prior distributions. For this analysis, noninformative prior distributions were used. These distributions are essentially very flat and have very large variances so that they will not provide any quantitative information about the values of the parameters as part of the model. A probability distribution for each measurement, given with respect to the parameters in the model, is also specified. This distribution is called the likelihood of the data. For this analysis, based on typical assumptions for the statistical analysis of metrological data, normal distributions with means specified by the quadratic relationship between residue and sieve size and standard deviations based on sieve size were used for the likelihood. Then, based on the hypothesized relationships between the parameters, the likelihood, and the observed data, the prior distributions for each parameter are updated using Bayes'
Theorem to obtain new distributions for each parameter given the information in the data. Finally, these new distributions, called posterior distributions, are used to obtain uncertainty intervals about each quantity of interest.
The Bayesian model was fit using Markov Chain Monte Carlo simulation [11] . Figure 3 shows a plot comparing the within and between chain variation [12] that indicates that the Markov Chains had converged by the 50 000th iteration of the simulation. Then 10 000 additional iterations were run for each of 4 parallel Markov chains to estimate the parameter values. Based on these results, the posterior probability distribution describing the sieve residue for a 45 µm sieve is shown in Figure 4 . A 95 % probability interval for the value of the sieve residue obtained from this posterior distribution is 0.79 % ± 0.19 %. 
Brooks-Gelman-Rubin Statistics
Figure 3: A Brooks-Gelman-Rubin plot [12] showing the ratio (upper trace) of the variation between and within (lower pair of traces) four parallel Markov chains that were simulated for this model. The fact that the ratio approaches 1 and the variation within and between chains levels off by 50 000th iteration indicates convergence. The posterior probability distribution of the sieve residue for a 45 µm sieve.
Cross check of the residue
Because the 114q material has such a different residue than previous generations of this material, it is important to verify that the correct results will be obtained when the certified value is used to calibrate a sieve as described in ASTM C430. The standard implies that the SRM 114q is sieved using a sieve with an unknown opening (although it should nominally be about 45 µm). The result is used with the certified value to calibrate the sieve and correct results of unknown cements.
To verify the performance of the 114q material, we did a double verification as shown in Table 11 . The verification consisted of calculating the correction factor using one of the SRMs and testing the other SRM using this correction factor. For example in column 1 (Table 11 ) SRM 114p is used to calculate the correction factor that is then used to correct a measurement of SRM 114q. If everything it working as expected, the residue found for SRM 114q should match the value found in the certificate, which it does. Similarly, the results obtained for SRM 114p, when 114q is used to calibrate the sieve, do not disagree with the value from the 114p certificate, although the uncertainty in the corrected result for 114p is rather large. Note: Uncertainties shown for each value are expanded uncertainties at the 95 % confidence level. A coverage factor of k = 2 was used in all cases.
Summary of Certified Values
The certified values for the SRM 114q certificate are: 6 Process Improvement
Packaging
As stated above, the cement received from the manufacturer was sealed in foil bags after being blended. It was the original intention that each foil bag would be open, divided in the vials and any left over would be discarded. This would ensure that the cements left in the foil bags overnight (or longer due to scheduling) would not hydrate in between vial filling. If hydration occurs the cement properties will change. As a further quality assurance, the temperature, relative humidity should be recorded. If a log is kept of the temperature, relative humidity, vials filled, it would results in a better correlation between homogeneity problems and specific vials.
During the filling of this batch of 600 000 vials, the procedure outlined above was followed but no log was kept of the temperature and relative humidity. Therefore, when it was discovered that vials, checked for homogeneity using other methods such as PSD, were found not satisfactory [13] , it was not possible to rule out that the packaging conditions were one of the effects.
This situation did not affect the data presented here probably because none of the tests used are sensitive to complete dispersion, as it is the case for PSD measurements.
Testing
As shown in Table 3 , one vial per box was used for the LOI testing. With this design, box-to-box and vial-to-vial differences in the LOI results cannot be differentiated. One minor improvement to the design for LOI testing in the future would be to sample two vials per box so that potential vial-to-vial variability could be separated from box-to-box variability in the LOI results. If necessary, half as many boxes could be sampled in order to keep the total number of measurements the same. Reducing the number of boxes sampled would reduce our ability to identify box-to-box differences, since some of the degrees of freedom would be used to check for vial-to-vial variability, but the added ability to separate vial-to-vial variability from box-to-box variability would give us the potential for additional insight into the process that would offset that loss.
Because of the small sieve residue for this cement, some digitization was evident in the sieve residue data. For future sieve residue assessments on cements with residues in this low range, use of a balance with a finer resolution would be advantageous.
Information Values: NIST information values are considered to be of interest to the SRM user, but are not certified because insufficient information is available to assess adequately the uncertainty associated with the values or only a limited number of analyses were performed. Information values for SRM 114q are given in Tables 2 and  3 . Table 3 provides the calculation of cement compounds according to ASTM C 150-02. 
